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The water generation and water transport occurring in a polymer electrolyte fuel cell (PEFC) can be esti-
mated from the current density generated in the PEFC, and the water content in the polymer electrolyte
membrane (PEM). In order to measure the spatial distributions and time-dependent changes of current
density generated in a PEFC and the water content in a PEM, we have developed an eight-channel nuclear
magnetic resonance (NMR) system. To detect a NMR signal from water in a PEM at eight positions, eight
small planar RF detection coils of 0.6 mm inside diameter were inserted between the PEM and the gas
diffusion layer (GDL) in a PEFC. The local current density generated at the position of the RF detection coil
in a PEFC can be calculated from the frequency shift of the obtained NMR signal due to an additional mag-
netic ﬁeld induced by the local current density. In addition, the water content in a PEM at the position of
the RF detection coil can be calculated by the amplitude of the obtained NMR signal. The time-dependent
changes in the spatial distributions were measured at 4 s intervals when the PEFC was operated with
supply gas under conditions of fuel gas utilization of 0.67 and relative humidity of the fuel gas of
70%RH. The experimental result showed that the spatial distributions of the local current density and
the water content in the PEM within the PEFC both ﬂuctuated with time.
© 2013 The Authors. Published by Elsevier Inc. Open access under CC BY-NC-ND license.1. Introduction
Polymer electrolyte fuel cells (PEFCs) are utilized as an electric
power generator for vehicles and have a domestic use as a
combined water heater using exhaust heat. Water is formed on a
cathode electrode surface in a PEFC, generating electric power by
chemical reaction of hydrogen and oxygen gases. The electrical
power generated by the PEFC can become unstable because of
ﬂooding where water is blocked in a gas diffusion layer (GDL)
and interferes with the gas supply to the electrode surfaces [1].
The stable operation of a PEFC over a long time is required.
The concentration of the water within a PEFC has a spatial dis-
tribution. A GDL near the gas outlet of a PEFC is typically covered
with much water, and ﬂooding happens there. In order to make a
PEFC generate in a stable manner, it is important to measure the
spatial distribution of water concentration in a PEFC. Some meth-ods of measuring the water distribution in the GDL and gas channel
inside a PEFC and the water content in a polymer electrolyte mem-
brane (PEM) have been reported [2]. Neutron radiography can
acquire a water concentration image projected in the direction in
which the neutron penetrated the PEFC [3–5]. Since the image is
integrated over the neutron path, it does not reveal the local water
concentration at a point. Furthermore, a neutron source is not con-
venient to use. On the other hand, nuclear magnetic resonance
(NMR) imaging can acquire a water concentration image as a spa-
tial distribution of water [6–11]. However, it is necessary to use a
special PEFC in which the electrodes have many open holes so that
electromagnetic waves might penetrate into the PEM [6,7].
Another technique for measuring a NMR image of the water con-
centration in a PEM by exchanging the electrodes in a PEFC for a
RF detector coil has been reported [8,9]. It is difﬁcult to measure
a local water concentration in a usual PEFC or a PEFC stack using
these techniques. Furthermore, as the acquisition time of NMR
imaging is long, this method cannot monitor rapid changes of the
water concentration in a PEFC.
Flooding causes a reduction in the local electric current density.
In order to ﬁnd the location of low current density in a PEFC, it is
useful to measure the spatial distribution of current density, which
Fig. 1. Photographs of small planar RF coil.
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using the relation to which both are proportional [12].
We have developed an eight-channel NMR system which has
eight channel parallel transceivers and eight small planar RF detec-
tion coils. By using small planar coils with a 0.6 mm inside diame-
ter, the system can obtain the local water content in a PEM at 1 s
intervals because the usually indispensable phase-encoding opera-
tion in NMR imaging is unnecessary [13]. Eight coils inserted at
equal intervals from the gas inlet to gas exit in a PEFC can acquire
a NMR signal from the water throughout the PEM simultaneously.
The spatial distributions of current density and water content in a
PEM can then be calculated from the NMR signal obtained at the
eight positions where the coils are placed. This system has the
advantage in that the time-dependent change of spatial distribu-
tions of current density and water content in a PEM can be mea-
sured simultaneously in several seconds. This paper describes
details of the NMR system, the principles of measurement of the
current density and water content in a PEM and the results ob-
tained for the time-dependent change of spatial distributions in a
PEFC that is generating electric power.2. RF coil and NMR system
The NMR system developed here consists of eight small planar
RF coils, turning circuits, eight channel parallel transceivers and a
permanent magnet. Details of each part are described below.2.1. Small planar RF coil
The size and shape of the coil were determined from the size of
the gas channel and structure of a PEFC. The width of a gas channel
used in a usual PEFC is about 1 mm. Hence, the spatial resolution of
the water content measurement needs to be smaller than 1 mm.
On the other hand, the use of too small a coil makes the signal to
noise ratio too low because the magnitude of the NMR signal isCo
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Fig. 2. Small planar RF coil inserted between thproportional to the measurement area. In this system, RF coils of
0.6 mm inside diameter was chosen.
A photograph of the RF coil used is shown in Fig. 1. It consists of
5 turns of 0.06 mm polyurethane coated copper wire, so that it
might be easy to insert between the GDL and PEM. Since fuel gas
can pass through the hole in the central part of the RF coil, its inser-
tion has little inﬂuence on the power generating capability of the
PEFC.
As shown in Fig. 2, a RF coil can acquire the NMR signal from the
water contained in a PEM without attenuating the electromagnetic
waves by feeding the signal along a cable in a hole that penetrates
the GDL, carbon plates and metal end-plate, and contacting the coil
to the PEM. Eight RF coils were inserted between the PEM and the
air-side of the GDL which constitute the PEFC at intervals of 6 mm
between the gas inlet and outlet.
The electromagnetic waves emitted from the planar surface coil
for the excitation of the nuclear magnetization of water are de-
creased in the normal direction by the highly conductive GDL ﬁ-
bers. When adjusting the excitation angle of the nuclear
magnetization of the water in the MEA to about 90, that of the
water in the GDL becomes very small due to this reduction effect
of electromagnetic waves. As a result, the NMR signal of the water
in the GDL is acquired as a very small signal compared to that of
the water in the MEA.2.2. Tuning circuit
In order to detect a weak NMR signal, a resonant circuit using
the small planar RF coil was manufactured. As shown in Fig. 2,
the resonant circuit was made by connecting two capacitors to
the RF coil using a coaxial cable (1.5D; characteristic imped-
ance = 50 ohms) with a speciﬁc length. This is because the induc-
tance of the small RF coil can be increased by using a coaxial
cable of a speciﬁc length. Hence, the inductance component of
the resonant circuit can be adjusted by the length of the coaxial
cable, LC.
When the length of the coaxial cable LC was 0.73 m and the
capacity of the two variable capacitors were adjusted to CM =
20 pF and CT = 30 pF, the center frequency of the resonant cir-
cuit was set to 44 MHz. The impedance of the resonant circuit
was 50 ohms at the center frequency. Since the resonance fre-
quency and impedance of the resonant circuit are adjusted with
a capacitor, henceforth, the resonant circuit is called a tuning cir-
cuit. The quality factor (Q value) of the resonant circuit was about
20.2.3. Eight channel parallel transceivers
A block diagram of the full NMR system is illustrated in Fig. 3.
The system has eight sets of RF coils, tuning circuits, switches,
modulators and detectors set up as eight channel parallel trans-
ceivers. The system was built by MRTechnology, Inc. [14].Impedance
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Fig. 3. Eight-channel NMR system with eight channel parallel transceivers to measure the spatial distribution of current density and water content in the PEM in a PEFC.
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The frequency of the oscillator was set to the resonance frequency
of NMR signal from 1H. The RF signal generated by the oscillator
was distributed to eight modulators and detectors. A digital signal
processor (DSP) in the PC outputted an excitation pulse waveform
which was transformed into an excitation RF pulse at the reso-
nance frequency in a modulator. The excitation RF pulse was
simultaneously outputted from eight RF coils, and nuclear magne-
tization of water in PEM was excited. Then, the RF coil received a
NMR signal, which is modulated to two waveform components
(SI,SQ) which intersect perpendicularly by quadrature detection
in a detector.
Eight NMR signals are received with eight coils and detected as
16 waveform elements by the modulators. The 16 waveform ele-
ments were simultaneously acquired using 16 AD converter units,
and they were stored in the PC through the AD converter.2.4. Permanent magnet
A permanent magnet with a ﬁeld strength of about 1.0 T and a
central air gap of 100 mm was used in this system. The size of the
resulting magnetic ﬁeld, with a ﬁeld strength that is uniform with-
in ±50 ppm, is about £50 mm. The permanent magnet was de-
signed and produced by NEOMAX Engineering, Ltd. A PEFC and
RF coils were inserted in the central part of the magnet.TE / 2 = 5 ms
90 180
1
TE / 2 = 5 ms
1.5 1.5 1
40 µs 80 µs
t
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Excitation 
pulse
Gradient 
pulse 
for spoil
Signal, 
ADC gate
ADC on
FID Echo
Fig. 4. Schematic diagram of pulse sequence.2.5. NMR measurement conditions
A spin echo sequence was used to acquire a NMR signal. The
measurement conditions of the spin echo signal are as follows,
and as shown in Fig. 4. The shape of the 90 excitation pulse was
a rectangle wave at a frequency of 43 MHz and a pulse width of
40 ls. The 180 pulse used for spin echo measurements was a rect-
angle wave of 80 ls width. The spin echo time TE was 10 ms. A
magnetic ﬁeld gradient was applied over 1.5 ms in order to atten-
uate the FID signal. The sampling rate and the number of data
points of the AD converter for acquiring the spin echo signal were
20 ls and 2048 points, respectively. The NMR signal was acquired
for 40.96 ms.Since the T1 relaxation time of the PEM at a temperature of
70 C and a relative humidity of 60% was about 870 ms, the repeti-
tion time of a signal acquisition TR was 4 s.
In order to acquire a large NMR signal from a relatively small
target measurement area using the planar surface coil, it is neces-
sary to adjust the amplitude of the excitation pulse appropriately.
The relation between the amplitude of the excitation pulse and the
echo signal intensity was obtained by analyzing numerically the
spatial distributions of the magnetic ﬁeld induced around the pla-
nar surface coil and of the ﬂip angle of nuclear magnetization in or-
der to adjust the excitation pulse to suitable amplitude [15]. The
analytical result showed that the ﬂip angle of nuclear magnetiza-
tion at the center of the coil would become 90 when the ampli-
tude of the excitation pulse is made slightly smaller than the
amplitude which reaches the maximum echo signal intensity.
Based on the analytical result, the ﬂip angle was adjusted to 90.3. Pefc and generation conditions
3.1. Structure of the PEFC
A standard PEFC with the structure shown in Figs. 5a and 5b
was used in this research. The area of the PEFC that generates elec-
tric power was 50 mm  50 mm. Hydrogen gas and air were sup-
plied through serpentine type gas channels carved on the
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Fig. 5a. The structure of the PEFC.
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2.0 mm in depth and with a 3.0 mm pitch. A carbon mesh that
was 400 lm thick was used as a GDL.
The membrane electrode assembly (MEA) was made from
178 lm thick Naﬁon 117 ﬁlm as a PEM, and a Pt catalyst. The
catalyst used consisted of platinum on a carbon support (TANAKA
KIKINZOKU KOGYO KK. TEC10E50E, Pt/C 46 wt%). An MEA with a
catalyst layer was made by hot pressing the platinum carbon par-
ticles onto the PEM. The density of the coated catalyst layer of the
MEA was 0.2 mg/cm2, and the area of the catalyst layer was
50 mm  50 mm.
The electric current generated by the PEFC ﬂows in the thick-
ness direction of the MEA, taken as the x axis in Fig. 5a. The direc-
tion which hydrogen gas is supplied and is exhausted is taken as
the y axis. Eight RF coils were arranged in at equal intervals on
the y axis. The z axis is taken as the direction of the static magnetic
ﬁeld of the magnet.3.2. Electric power generation conditions of the pefc
The temperature of the PEFC was maintained at 70 C by ﬂow-
ing hot water in the holes of the end-plates from a hot water bath.
As fuel, 50 ml/min of hydrogen gas and 120 ml/min of air were
supplied to the PEFC. The relative humidity of the gases was ad-
justed to 70% by making the gases pass through two bubblers.C
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Fig. 5b. The positionThe electric power generated by the PEFC was shunted by elec-
tronic load equipment operating in constant current mode. The
electric current and voltage generated in the PEFC were 5.0 A and
about 0.4 V, respectively. The averaged current density, the electric
current divided by the area of the catalyst on the MEA, was 0.20 A/
cm2. The gas utilization calculated from the volume fraction of sup-
plied gases was 0.68.
4. Principles of current density and water content
measurements
4.1. Principle of current density measurement
The frequency of a NMR signal is proportional to the strength of
the magnetic ﬁeld. When the strength of the static magnetic ﬁeld
in the measurement area of a RF coil on the MEA is H0, the fre-
quency of the NMR signal from 1H in the area, x0, is given by the
following equation.
x0 ¼ cH0 ð1Þ
where the constant c is known as the gyromagnetic ratio of 1H.
When a PEFC generates electricity and electric current ﬂows
into the MEA consisting of the PEFC, a magnetic ﬁeld, Hi, will be in-
duced by the current. The frequency of the NMR signal measured
under conditions of electricity generation will be shifted by the
additional magnetic ﬁeld Hi. If the frequency shift is written as
Dx, the frequency of the NMR signal is
x0 þ Dx ¼ cðH0 þ HiÞ ð2Þ
In this research, the strength of the static magnetic ﬁeld H0 is
constant due to the use of the permanent magnet. Therefore, the
frequency shift Dx is proportional to the additional magnetic ﬁeld
Hi induced by the current.
An example of the manner in which the frequency of a NMR sig-
nal changes when the electric current ﬂowed in the MEA is shown
in Fig. 6. The waveform components (SI,SQ) after carrying out quad-
rature detection of the NMR signal are shown in the ﬁgures. FID is
observed after nuclear magnetization of 1H is excited at t = 0. The
second excitation is carried out at t = 5 ms, and an echo signal ap-
pears at t = 10 ms.
When the electric current is zero, the frequency of the NMR sig-
nal is almost the same as the frequency of the oscillator adjusted at
the static magnetic ﬁeld of the magnet H0. The waveforms after the
NMR signal was detected at a frequency ofx0 only vary slightly, as
shown in Fig. 6a. We refer to this as being ‘‘on resonance’’. On they
0
50 mm
urrent
Hydrogen
gas
Air
H0
urrent
Pt 
catalyst
of the RF coils.
Fig. 6. The waveforms of NMR signal acquired from water contained in the PEM; (a)
zero current, (b) during current ﬂow.
Fig. 8. Spatial distribution of frequency shift Dx(y) induced by current ﬂowing
within the PEFC.
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current ﬂows through the MEA, the frequency of the NMR signal
shifts. In this case, the waveforms detected at a frequency of x0
oscillate violently, as shown in Fig. 6b.
The frequency shift of the NMR signal, Dx, can be calculated
from the speed which the phase angle of the waveform, h, rotates.
The phase angle h is calculable from the arctangent of the wave-
form (SI,SQ) [16].
The phase angle was calculated in the time period ‘‘A’’ illus-
trated in Fig. 6a, and is shown in Fig. 7a. The frequency shift
DxNo-curr in the case when the current was zero was calculated
by approximating the change of the phase angle as a straight line.
Fig. 7b shows the phase angle calculated similarly when the PEFS
was generating electricity. Because the phase angle rotates be-
tween p to +p, the phase angle h shown in Fig. 7b was corrected
by additions of multiples of p so that the phase angle was contin-
uous. The frequency shift DxCurr when the PEFC was generating
electricity was calculated from the slope of the phase angle. A sub-
stantial frequency shift Dx was obtained from the difference
(DxCurr  DxNo-curr).
The spatial distribution of the frequency shift, Dxexp(y) mea-
sured in an experiment when the PEFC had just started electrical
power generation at t = 0 s, is shown in Fig. 8. The shape of the spa-
tial distribution is almost a straight line with a constant slope. The
frequency shift, Dxexp(y), at the position y = 0 is not zero as shown
in the ﬁgure. The gap from zero was caused by another additional
magnetic ﬁeld formed by current ﬂowing into the electric wire
which connected the PEFC to the electric load.
On the other hand, if a spatial distribution of the local electric
current density, i(y), generated within the PEFC is assumed, theFig. 7. Change with time of the phase angles of the NMadditional magnetic ﬁeld formed by the current, Hi,th(y), can be
analyzed theoretically using the Biot-Savart law [17]. In this anal-
ysis, it was assumed that the electric current had a spatial distribu-
tion only in the y direction, which is the direction of the gas inlet
and outlet, and that it was uniformly distributed in the x direction.
The justiﬁcation for this assumption is that the differences of gas
concentration and water content in the PEM are large in the gas
ﬂow direction and are very small in the x direction. The additional
magnetic ﬁeld, Hi,th(y), can be replaced by the frequency shift,
Dxth(y) using Eq. (2).
The assumed local current density, i(y), is changed until the fre-
quency shift, Dxth(y) calculated by the assumed local current den-
sity agrees with the frequency shift, Dxexp(y) measured in the
experiment. When both are in agreement within the variation of
the measured frequency shift, the assumed local current density,
i(y), becomes the local current density obtained from the measure-
ment. This method is called inversion analysis.4.2. Principle of water content measurement
When measuring a NMR signal under conditions of a long TR
(>T1 of 1H in a PEM, which is about 870 ms) and a short TE (<T2
of 1H in a PEM, which is about 100 ms), the intensity of a NMR sig-
nal is proportional to the concentration of the water in PEM [15].
The intensity of the NMR signal was calculated from the amplitude
of the NMR signal, ðS2I þ S2Q Þ
1=2
, averaged over the time period ‘‘B’’
in Fig. 6. The relationship between the water content in the PEM
and the intensity of the NMR signal were obtained from measure-
ments at relative humidity levels from 30% to 85%. This relation-
ship was used to make a calibration curve for converting the
intensity of a NMR signal to the water content in the PEM.R signal; (a) zero current, (b) during current ﬂow.
Fig. 10. Spatial distribution of electric current generated in the PEFC.
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The time dependent change of the water content in the PEM
measured by the method described above is shown in Fig. 9. As a
typical result, the plots measured in three positions in the gas ﬂow
channel within the PEFC are shown in this ﬁgure; two of them
were at the gas inlet and outlet, and the other was at the center po-
sition of the PEFC. In addition, in order to reduce the variation in
the measurements, six signal intensities were averaged, and then
shown in the ﬁgure as one plot. It is found from Fig. 9 that the
water content at the up-stream side maintained a small value,
and that the water content at the center varied greatly.
The water drops which came out from catalyst layer of the MEA
and contacted the planar surface coil are observed as a very large
NMR signal. In this research, when a large NMR signal was mea-
sured exceeding the maximum water content of the MEA, it was
considered that ﬂooding arose.
The spatial distribution of local electric current density calcu-
lated by the method described above is shown in Fig. 10 and shows
the following phenomena. Since the electronic load equipment
used was operated in constant current mode, the time dependent
change of the local current generated in the PEFC was smaller than
that of the water content. On the other hand, a difference in the
spatial distribution of local current density arises. Because the con-
centrations of hydrogen and oxygen in the channels fall at the
down-stream side (y part) due to gas consumption, the local cur-
rent density at the down-stream side (+y part) was relatively small
compared with that at other locations. On the down-stream side,
since the rate of generation of water became low due to the lower
local current density, the change of water content in the PEM was
small. On the other hand, since the rate of generation water in the
center became high due to the larger local current, it could be sur-
mised that a large change in the water content occurred in the PEM
due to ﬂooding in the GDL at the center.
The resonant frequency of water depends on the temperature.
The temperature dependence of the resonant frequency of 1H in
water is about 0.01 ppm/C [18]. The temperature of MEA may rise
due to heat generation in the PEFC and, as a result, the resonance
frequency of 1H of water in MEA may change. When this change
due to temperature rise is large, the assumption that resonance
frequency changes only due to magnetic ﬁelds induced by electric
current within the PEFC is not valid.
When the PEFC employed generates a current of 5 A, the heat
generation of the PEFC is estimated to be about 2 W. The temper-
ature rise of the MEA due to a heat generation of 2 W is further
estimated to be about 1 C at the most from a heat transfer analy-
sis. When the temperature of the MEA rises by 1 C, the change of
the resonance frequency of 1H is about 0.01 ppm. On the otherFig. 9. The time dependent change of water content in the PEM at three positions
(y = 22.6, 0.1, 18.1 mm).hand, when the PEFC used here generates an electric current of
5 A, the ﬂuctuation of the frequency shift obtained from NMR sig-
nal mixed with noise is about 7–10% of the frequency shift. The
corresponding variation of the measured frequency shift is from
0.7 to 5.5 ppm. Therefore, we think that the change of the resonant
frequency of 1H (water) due to temperature rise of MEA hardly af-
fects the calculation of electric current generated in the PEFC.
We can understand the electrical generation and the time
dependent change of the water which has formed inside the PEFC
by simultaneously measuring the spatial distributions of the water
content in the PEM and the local current density within the PEFC.
We expect that the system developed here will prove useful in the
research into suitable control procedures and appropriate PEFC
structures to allow the stable generation of electrical power in
PEFCs.6. Conclusions
In order to measure the time-dependent change of the spatial
distributions of current density and water content in a PEM, we
have developed an eight-channel NMR system. Eight RF detection
coils of 0.6 mm inside diameter were inserted in the PEFC at differ-
ent positions. The NMR signals from water in the PEM at these
eight positions were then acquired simultaneously. The spatial dis-
tribution of current density generated in the PEFC and the water
content in the PEM could be calculated from the frequency shift
and the amplitude of the obtained NMR signal.
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